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a b s t r a c t
This work presents an in situ study on the water-content measurement in polymer electrolyte fuel cells
(PEFCs) using neutron imaging. The effects of several important operating and design parameters on
water content are examined, including the relative humidity (RH), the polytetraﬂouroethylene (PTFE)
loadings in gas diffusion media including the microporous layer (MPL), current density, and ﬂow ﬁeld
conﬁgurations including single-/quad-serpentine channels and co-/counter-ﬂow conﬁgurations. Efforts
are also made to distinguish water contents between the channel and land projected areas, and obtain
the water proﬁle along the gas ﬂow path. We ﬁnd that the highest water content occurs at a low current
density for ﬁxed operational stoichiometry, and liquid water emerges downstream at low humidity and
increases rapidly after on-set.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Fuel cells convert the chemical energy in fuels directly and efﬁ-
ciently into electricity, which makes them low-pollution energy
conversion devices, especially when compared with traditional
combustion-based devices. Presently over 200 fuel cell vehicles,
more than 20 fuel cell buses, and about 60 fuelling stations are
operating in the United States. Approximately 75,000 fuel cells for
stationary power, auxiliary power and specialty vehicles have been
shipped worldwide, among them about 24,000 systems were man-
ufactured in 2009, approximately a 40% increase over 2008 [1].
Polymer electrolyte membrane (PEM) fuel cells work at low oper-
ating temperatures and exhibit high power density, and are the
primary type of fuel cell considered for portable and transportation
applications.
A typical PEFC is composed of bipolar plates, gas diffusion layers
(GDL) with micro-porous layers (MPLs), and a polymer electrolyte
membrane with attached platinum catalyst layers, as shown in
Fig. 1. Reactant gases are introduced in the gas ﬂow channels
and diffuse through the GDLs toward the catalyst layers. Protons
are produced at the anode catalyst layer by the hydrogen oxida-
tion reaction and are transported across the membrane. Oxygen is
∗ Corresponding author. Tel.: +1 949 824 6004; fax: +1 949 824 8585.
E-mail address: yunw@uci.edu (Y. Wang).
reduced in the cathode catalyst layer, combining with protons and
electrons to produce water.
Water management is crucial to achieve high PEM fuel cell per-
formance. Water in the membrane is essential for high electrolyte
ionic conductivity, but excess water ﬂoods the catalyst layer and
GDL [2–4], andcan lead togas-ﬂowchannel blockage [5,6], hamper-
ing reactant gas transport. Insufﬁcient hydrogenandoxygen supply
increases the mass transport polarization and hence voltage loss
[7]. Comprehensive review on water management and transport in
PEM fuel cells was provided by Wang [8], Weber and Newman [9],
Jiao and Li [10], and Gurau and Mann [11].
Liquid water can emerge in operating PEM fuel cells [5,8,12]
even at low-humidity operation [13]. Liquid water distribution is
affected by many factors such as GDL structures [14], MPL prop-
erties [15–17], polytetraﬂuoroethylene (PTFE) loadings [18–24],
operating conditions, and ﬂow ﬁeld conﬁguration. Qi and Kaufman
examined the fuel cell performance with various PTFE loadings
in the GDL substrates and MPLs, and found MPLs can positively
affect fuel cell performance [15]. Pasaogullari et al. developed a
two-phase model to analyze the MPL’s effect on water transport,
indicating that MPLs promote anode water hydration, reduce cath-
ode liquid level, and therefore relaxing mass transport limitations
[25].Weberet al. [16]developedananalyticalmodel toexamine the
effect of the diffusion media’s wettability on water management,
demonstrating thatMPLsare less susceptible towaterﬂooding than
the carbon substrate [17]. PTFE canbe added to bothGDL substrates
0013-4686/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic of a polymer electrolyte fuel cell.
and MPLs to increase their hydrophobicity. Different optimal PTFE
loading values have been shown in the literature, varying from 10%
[18], 15% [19], 20% [20], to 30% in the substrate and 15% in the MPL
[21]. Park et al. [22] performed water permeation experiments and
indicated that adding PTFE can increase the water ﬂow resistance
in diffusion media, and that a PTFE loading of 23% provides effec-
tive water management. Wood et al. [23] examined the GDL PTFE
loading’s effects by using a segmented fuel cell. Wang and Chen
[26] deﬁne a dimensionless parameter Da to characterize the ﬂow
regime in the GDL, i.e. single- vs. two-phase regimes: when Da→0,
fuel cells are subjected to single-phase operation; while as Da→∞
there is full two-phase operation. A more precise expression was
also explored for the dimensionless group at the channel central
line.
In addition to diffusion media, ﬂow ﬁelds distribute reactant
gases and remove product water, therefore playing an important
role in fuel cell water management. An overview of ﬂow-ﬁeld
designs was provided by Li and Sabir [27]. Spernjak et al. [28]
compared water content in 25 cm2 fuel cells with parallel, serpen-
tine, and interdigitated ﬂow ﬁelds, and indicated the parallel ﬂow
ﬁeld exhibits the highestwater content but theworst performance,
and the serpentine one shows the best performance and lowest
water content. Wang et al. [29] envisaged the fuel cell channels
as structured and ordered porous media, and further developed
a continuum model of the two-phase channel ﬂow. Wang devel-
oped a two-ﬂuid model to examine the two-phase ﬂow in the gas
ﬂow channels and obtained analytical solutions to liquid satura-
tion, velocities, and pressure [30]. In ﬂow ﬁeld design, Owejan et al.
[31] considered the ﬂow channel’s length and number. Murakawa
et al. [32] studied single- and triple-serpentine ﬂow-ﬁelds, indi-
cating the average water content is higher in the triple serpentine
channel. They also presented the water evolution for the single-
serpentine ﬂow ﬁeld in the projected area of the channel and land
area, respectively, showing higher water content in the channel
projected area.
Neutron radiography has developed as a powerful tool forwater
in situ visualization and quantiﬁcation in fuel cells. This is achieved
by sending a beam of collimated thermal neutrons through a work-
ing fuel cell and measuring the attenuation of the transmitted
neutrons [33]. The spatial and temporal resolution is determined
by the neutron source and imaging set-up. The attenuated neu-
tron beams are then captured by a detector. At the NIST Center
for Neutron Research (NCNR), Sajita et al. [34] used a scintillating
screen/CCD camera with per-pixel resolution of 100m×100m
to perform 2D and 3D tomography, and indicated that the water
under the land and channel areas was similar. Hickner et al. used a
ﬂat-panel amorphous-silicon detector with a per-pixel resolution
of 127m×127m and an image capture rate of 1–30 frames/s.
Using a 50 cm2 fuel cell, they found water content is highly cor-
related with operating current density and cell temperature. They
also presented a simple model to explain liquid water evapora-
tion [35,36]. Their results indicated the maximum water content
appears at a moderate current density, and the peak water con-
tent changes with temperature. Zhang et al. [37] also found the
maximum water content occurs in a moderate current. Park et al.
[38] and Owejan et al. [39] used serpentine ﬂow ﬁelds set per-
pendicularly to each other to distinguish water in the areas of
the anode and cathode lands and channels, respectively. Owe-
jan found the channel geometry and surface tension can affect
water accumulation. Park indicated that water accumulates in
the GDL region adjacent to gas ﬂow channel, while water under
lands seems to be effectively removed. Kim et al. [40] examined
Author's personal copy
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Fig. 2. The two ﬂow ﬁelds used in the study: the single-serpentine (left) and quad-serpentine (right). The dotted line shows the analysis region.
Table 1
GDL/MPL conﬁgurations of the tested fuel cells.
Cell # Flow ﬁeld type PTFE loading (wt%)
Anode substrate Anode MPL Cathode substrate Cathode MPL
1 Single serpentine 5% 23% 20% 10%
2 Single serpentine 5% 23% 5% 23%
3 Quad serpentine 5% 23% 20% 10%
4 Single serpentine 5% 5% 20% 10%
ﬂow direction with three-parallel serpentine ﬂow ﬁelds, indicat-
ing differentwater characteristics but nearly identical performance
between theco- andcounter-ﬂows.Mukundanet al. [24]usedhigh-
resolution neutron radiography to probe the water distribution in
the through-plane direction, indicating that more water appears
on the anode side when the cathode MPL has higher PTFE loading.
Water will freeze under subfreezing temperature, and Mukundan
et al. [41] and Wang et al. [42] measured water content at −10 and
20 ◦C using neutron imaging, showing ice accumulation with time
under channel and land, respectively.
At the Paul Scherrer Institute, Kramer et al. employed neutron
imaging to study the water amount in GDLs, ﬁnding that about
30% of the GDL pores were not ﬁlled with liquid water [43]. Zhang
et al. reported more water in carbon paper GDLs relative to carbon
cloth, and also established various water removal regimes: the ﬁrst
third of the ﬂow channel is dominated by evaporation, whereas
the remainder is dominated by droplet removal [37]. Yoshizawa
et al. [44] found more water content for carbon cloth GDLs in
comparison with carbon paper for straight ﬂow ﬁelds. They used
neutron radiographs as a guide for improving ﬂow ﬁeld design.
Schneider et al. found that for co-ﬂow operation it was possible
for a portion of a fuel cell to be ﬂooded while other parts to be
dry [45]. A technique was later used to measure the local current
and liquid water proﬁle. They indicated higher current appears in
the channel areas and lower in the land areas due to the longer
oxygen diffusion path to the reaction sites under the land [46],
and that this nonhomogeneity is more prevalent at higher current
densities [47].
Despite previous neutron imaging efforts, an extensive study
of the water content in fuel cells such as the water contents
under land and channel, and the effects of various PTFE load-
ings and ﬂow conﬁgurations, are still highly needed. This kind
of knowledge is important to both fundamental understand-
ing of water transport and optimization of fuel cell design and
operating condition. In this paper, we will provide an exten-
sive neutron radiography study that examines the effects of
several important factors, including different relative humidity
(RH), current density, PTFE loading in GDLs and MPLs, ﬂow ﬁeld
design, and ﬂow pattern. Both co- and counter-ﬂow conﬁgu-
rations, and single-channel and quad-serpentine ﬂow ﬁelds are
compared.
2. Experimental
2.1. Fuel cell testing
The fuel cell hardware was designed speciﬁcally for neutron
imaging at the NIST, and was custom built at Los Alamos National
Laboratory. The experimental fuel cells have an active area of
50 cm2 with gold-plated aluminum bipolar plates to prevent cor-
rosion at the GDL-bipolar plate interface, and a furon pressure
plate between the end plates and current collectors to improve
the contact of ﬂow ﬁelds to GDLs. Two different ﬂow ﬁelds are
used, they are single- and quad-serpentines (see Fig. 2). The for-
mer has a channel length of 2.2m, whereas the latter has 0.78m,
with a cross-section of 1.11mm wide and 1.0mm deep, and a land
dimension of 1.16mm. The MEA was a Gore1 Primea MEA Series
57 with 18m thick GORE-SELECT membrane with carbon sup-
ported 0.2mgPt cm−2 on the cathode and 0.1mgPt cm−2 on the
anode (GORE-SELECT, PRIMEA and GORE are trademarks of W.L.
Gore & Associates, Inc.). The gas diffusion media were SGL carbon
paper 24-series with a 200m thick substrate and a 50m thick
MPL. Table 1 summarizes the conﬁgurations of MPLs and GDLs in
the experiment.
The fuel cells were operated at 80 ◦C, with anode hydrogen and
cathode air stoichiometries of 1.2 and 2.0 and minimum ﬂow rates
of 50 sccm and 75 sccm (standard cm3 min−1), respectively. Two
inlet-ﬂowRHswere examined: lowhumidity (50%) and full humid-
iﬁcation (100%). Most measurements were performed in a co-ﬂow
1 Certain trade names and company products are mentioned in the text or iden-
tiﬁed in an illustration in order to adequately specify the experimental procedure
and equipment used. In no case does such identiﬁcation imply recommendation
or endorsement by the National Institute of Standards and Technology, nor does it
imply that the products are necessarily the best available for the purpose.
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Fig. 3. Schematic of neutron imaging. Neutron beams are directed through an operating fuel cell (a) toward a CCD where a neutron radiograph is recorded (b). Masks can be
applied to analyze water contents in the projected areas of channels and lands (c).
conﬁguration, where hydrogen and air reactants ﬂow in the same
direction, with additional measurements made for counter-ﬂow
conﬁguration for comparison purpose. The outlet gas backpressure
was set to 172kPa absolute (25psi).
Testing was carried out at constant current density and ﬁve
currents ranging from 0 to 1.6A/cm2 in intervals of 0.4A/cm2
(i.e. 0A/cm2, 0.4A/cm2, 0.8A/cm2, 1.2A/cm2, 1.6A/cm2). Mea-
surements were made after the fuel cells reached steady state.
Steady state was achieved by setting a current density and then
running for at least 15min or until the voltage was stabilized.
Each measurement was taken for at least 30min, during which
time the standard deviation of the current density was less than
0.001A/cm2, and that of the voltage was about 0.01V. Data was
obtained at all current densities for 50% anode/50% cathode inlet
RH, but only at a limited number of current densities for 100%
anode/100% cathode inlet RH due to limited neutron beam time
availability.
2.2. Neutron imaging
Neutron imaging was performed at the National Institute of
Standards and Technology (NIST) Center for Neutron Research
(NCNR) using the thermal beam tube 2. The sensor used was an
amorphous silicon detector with approximately 250m resolu-
tion (pixel dimension of 127m×127m) [48]. Fig. 3 shows a
schematic of applying neutron radiography to probe water distri-
bution inside a fuel cell. After the radiographwas recorded, analysis
is performed based on the Lambert–Beer law of attenuation, as
described by Trabold et al. [33]
I = Ioe−NT (1)
where I is the intensity of the transmitted neutrons (those that
make it entirely through the sample), Io the intensity of the incident
neutrons (those hitting the sample), N the atomic density of the
material through which they pass,  the neutron cross-section, and
T the thickness of the neutron beamattenuatingmedium.A fuel cell
consists of several component materials, therefore a summation
can be taken to express the intensity:
I = Ioe−
∑
i
(NT)i (2)
where i represents each of the materials in a fuel cell. In order to
isolate the attenuation by only the water we record one radiograph
of the fuel cell when dry, Idry, and another while running the fuel
cell, Iwet. Dividing one by the other cancels out the attenuation of
all materials except for the water:
Iwet
Idry
= e−(NT)H2O(l) (3)
Rearranging the equation, and deﬁning w =N as the water
attenuation coefﬁcient, we can solve for the water thickness T:
T = −1
w
ln
(
Iwet
Idry
)
(4)
The water attenuation coefﬁcient w is experimentally deter-
mined by use of a specially manufactured cuvette of known water
thicknesses and measuring the incident neutron intensity [48].
Analysis as described above was performed using the IDL program-
ming language, with an example of the resulting radiograph shown
in Fig. 3(b).
Like all imaging technologies, neutron radiography resolution is
inﬂuenced by the scattering of the signal on its path to the sensor.
This shows up in imagery as a blurring of the data, known as a
point-spread function, as described by Hussey [49]. For this study,
this represents an error of about 0.3%.
Masks were made to distinguish the projected land and channel
areas, see Fig. 3(c). For the pixels in the boundary area between the
channel and land areas, the resolution makes it difﬁcult to cleanly
determine the proportions of detected water from the projected
channel or land region, therefore we chose to exclude these pix-
els as either land or channel. The channel and land masks cover the
middle of the channel and land area, boundedby the pressure plate.
The active areamask covers themiddle of the fuel cell, including the
channel and land areas and the above-mentioned boundary area
(∼20%). The masks were further broken down into ﬁve segments
to determine the along-channel distribution of water in the fuel
cells. In order to obtain neutron images, 60 exposures per minute
were taken and further averaged into a single image. For each oper-
ating condition at least thirty 60 s intervalswere acquired, and then
averaged to get the average steady-state water content in the fuel
cell. In addition, to diminish the effects of side boundaries, U-turns,
and inlet/outlet regions, the imaging analysis is focused on the fuel
cell’s central region with an area of 4.6 cm×4.6 cm, as shown by
the dotted line in Fig. 2. The water contents and their proﬁles are
obtained by averaging the probed water over the central region or
its segments.
The random uncertainty of the water content from the neutron
radiography is discussed in detail by Hussey et al. [48]. For cases in
which the fuel cell does not have uniform water content, as in this
Author's personal copy
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Fig. 4. Water areal density and performance of cell #1 at inlet relative humidities of 50% and 100%, respectively, (left); the corresponding false colored neutron images, with
scale (right). For the neutron images, the gas inlets are in the top-right, and gas outlets are in the bottom-left. (For interpretation of the references to color in the text, the
reader is referred to the web version of the article.)
study, the root mean square deviation of the water distribution
gives a reasonable estimate of water uncertainty. This value was
under 1% of thewater areal density formost tests, sufﬁciently small
to be visible in the ﬁgures.
3. Results and discussion
3.1. Inlet gas ﬂows with different relative humidities
Fig. 4 shows the average water density over the active area and
the performance at each operating condition for cell #1, running
at 50% and at 100% inlet RHs, respectively. The right side of Fig. 4
shows false colored neutron images of the water contents, with a
corresponding scale used for all colored images presented. Darker
colors (black, gray, and blue) represent areas of low water density,
and lighter colors (yellow, red) represent areas of higherwater den-
sity. For all images presented in this paper, the gas ﬂows enter the
fuel cell in the top-right corner and exit in the bottom-left corner.
At zero current, a small amount of gas is still fed in (50 sccm and
75 sccm) at the anode and cathode, respectively. At the current den-
sity of zerowhennowater is produced, the 50% inlet RH case shows
almost zerowater content due to the fact that the fuel cell is not yet
saturated and therefore no liquid water is present, while the 100%
inlet RH case clearly shows a considerable amount of residual liquid
water, sir. The irreducible residual saturation is the liquid fraction
bound inside capillary channels or pores by surface tension forces
and cannot be removed by drainage but only by evaporation. Saez
andCarbonell [50] calculated the irreducible residual saturation for
mini-channels:
sir =
1
20 + 0.9Eo¨ (5)
where the Eotovos number Eö is deﬁned as:
Eo¨ = 1gd
2
h

(6)
where 1 is the ﬂuid density, g is gravitational acceleration, dh is
the hydraulic diameter of the channel, and  is surface tension. For
the given conditions the sir was calculated to be about 4.9% in a gas
Fig. 5. Water areal density under the lands and channel at 50% RH for different MPL conﬁgurations (left); the corresponding colored neutron images at 0.4A/cm2 (right).
Author's personal copy
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ﬂow channel. Given the parameters of the fuel cell hardware, we
would expect the irreducible water content within the channels to
be 0.6mg/cm2. Experimental results for each fuel cell running at
open circuit voltage and 100% RH inlet ﬂows show the water rang-
ing from 1.3mg/cm2 for cell #1 to 4.2mg/cm2 for cell #2, which,
when also considering the liquid in the GDL and in the membrane,
is of the same order. At 50% inlet RH, the dry gases evaporate the
liquid water, resulting in no residual liquid water present at steady
state. Such an evaporation process is usually limited by transport in
the diffusion media [51]. Residual liquid water was also observed
by Hickner et al. [36] in their neutron radiographs. At conditions of
80 ◦C, 100% inlet RH, and 1500 sccm anode ﬂow rate and twice the
stoichiometric cathode ﬂow rate required for 0.01A/cm2, Hickner’s
results showed 8.2mg/cm2 of water at open circuit voltage (OCV),
considerably higher than the results found here. In addition, with
the exception of cell #2, the highest overall water content level for
the fuel cells appears at the low current density of 0.4A/cm2 (com-
pared to at 1.2A/cm2, 35% more water for cell #1, 29% more for cell
#2, and 2.3 times and 1.7 times as much water in cells #3 and #4;
cell #2 had slightly higher (17%) water content at 0.8A/cm2). This
is likely due to the fact that the cases with higher current densities
have higher volume ﬂow rates in ﬂow channels, which are more
effective in removing the liquid water in channels. Wang et al. [29]
showed that when the stoichiometry is reduced the fuel cell oper-
ation becomes unstable due to the inefﬁcient liquid water removal
by gas ﬂows. This agreeswith prior neutron imaging studies [33]. In
addition, high current operation produces more waste heat, which
can evaporate liquidwater in theGDL, as pointed out byWang et al.
[14] and Hickner et al. [35].
3.2. Land vs. channel projected regions
Fig. 5 presents the water contents in the land and channel pro-
jected areas, respectively, along with the corresponding masked
neutron images for the 0.4A/cm2 current density case. Note that
the presented water contents in the projected land area include
the water in both GDLs and the MEA, and those in the projected
channel area additionally includes water in the gas ﬂow channels.
For cell #1, the landareahas ahigherwater content at operation,
which is likely due to the larger transport resistance. When a less
hydrophobic anode MPL is used, such as in cell #4, there is a large
difference in the water content under the channel and land areas
at 0.4A/cm2. One possible reason is that more water appears to
be forced back to the anode because of its less hydrophobic MPL,
and hence the anode channel ﬂooding becomes severe in cell #4.
Fig. 6. Water areal density and cell performance for different PTFE loadings in the
GDL substrate and MPL at 50% inlet RH.
In particular at the current density of 0.4A/cm2, the gas ﬂow rate
is slow, especially on the anode side, resulting in inefﬁcient liquid
removal and hence water accumulation in the channel. At higher
currents where the anode ﬂow rate becomes stronger, the anode
channel water can be removed more efﬁciently, bringing the water
contents in the two areas closer. Two-phase ﬂow on the anode side
has been explained by Ge and Wang [52] and Wang [13].
3.3. Various PTFE loadings in GDLs and MPLs
Compared to cell #1, cell #4 has a lower PTFE loading in the
anode MPL, and cell #2 has different PTFE loadings in the cathode
GDL and MPL. Both cell performance and water content change
when altering the wettability of GDLs or MPLs. In particular, an
improvement in cell performance is indicated when increasing the
PTFE loading in the anode MPL from 5% (triangles or cell #4) to
23% (squares or cell #1), as shown in Fig. 6. Also higher water con-
tent is observed in cell #4 at 0.4A/cm2, which can be explained
by its less hydrophobic anode MPL (resulting in more water driven
to the anode side via the membrane). More water in the anode can
cause the anode channel ﬂooding, which can be severe at 0.4A/cm2
due to the corresponding low gas ﬂow rate. Likewise, compared to
cell #1, cell #2 has a more hydrophobic cathode MPL, forcing more
water from the cathode to the anode side. With increasing cur-
rent density, the anode channel ﬂooding can be alleviated through
increased electro-osmotic drag and gas ﬂow rates, and the water
contents in both cell #2 and #4 are found to decrease rapidly. In
addition, cell #2 has more hydrophobic MPLs in both anode and
cathode, therefore the water transport barrier across the MPLs is
higher, leading to a more hydrated MEA, as can be seen by look-
ing at the high frequency resistance (HFR) shown in Table 2, and
hence reduced ohmic loss. This may be one major cause for the
higher performance of cell #2. The MPL’s effect is consistent with
the model analysis by Pasaogullari et al. [25] and Weber et al. [16],
and the through-plane radiography by Mukundan et al. [24]. Fur-
ther, at 1.2A/cm2, cell #4 displays a rapid drop in cell performance
though its averaged water content is less than that of cell #2. This
can be possibly explained using the same facts as stated above: cell
#4 is subject to anode ﬂooding due to its less hydrophobic anode
MPL. The liquid water in the anode hampers hydrogen supply, lim-
iting the current density. As to cell #2, its more hydrophobic MPLs
result in a better hydratedmembrane in a larger area of the fuel cell
(note that part of the fuel cell is dry due to the 50% RH inlet con-
dition), therefore it performs better and yields a higher averaged
water thickness.
3.4. Single- vs. quad-serpentine ﬂow ﬁelds
Fig. 7 displays the average water density and performance
for fuel cells with single- and quad-serpentine ﬂow ﬁelds with
the same GDL conﬁguration as cell #1. The quad-serpentine cell
exhibits higher water contents than the single serpentine cell
except at the highest tested current density of 1.6A/cm2 for the
channel projected area and 1.2A/cm2 and 1.6A/cm2 for the land.
For 0.4A/cm2 and0.8A/cm2, thewater content for quad-serpentine
ﬂow ﬁelds is much higher (about twice for the land area) than that
of the single-serpentine ﬂow ﬁeld (3.2mg/cm2 vs. 1.7mg/cm2 for
0.4A/cm2 and 3.7mg/cm2 vs. 1.7mg/cm2 for 0.8A/cm2). The latter
has a longer channel length in one ﬂow path, therefore the reac-
tant ﬂow velocity is much higher than that in the quad-serpentine
ﬂow ﬁeld. The higher gas velocity beneﬁts the water removal in
the gas ﬂow channels, leaving much less water accumulation in
the channel region. With increasing current density, the channel
gas ﬂow rate increases, reducing the water content in the quad-
serpentine fuel cell. Two-phase transport in gas ﬂow channels has
Author's personal copy
J. Mishler et al. / Electrochimica Acta 75 (2012) 1–10 7
Table 2
High frequency resistance of the tested fuel cells.
Current (A/cm2) High-frequency resistance ( cm2)
Cell #1 (A: 5%, 23%; C: 20%, 10%) Cell #2 (A: 5%, 23%; C: 5%, 23%) Cell #3 (A: 5%, 23%; C: 20%, 10%) Cell #4 (A: 5%, 5%; C: 20%, 10%)
50% inlet RH
0.4 0.062 0.046 0.055 0.044
0.8 0.057 0.040 0.051 0.058
1.2 0.057 0.041 0.059 0.056
1.6 0.064 0.043 0.080 –
100% inlet RH
0.4 0.042 – 0.039 0.041
0.8 0.042 – 0.038 0.041
1.2 0.042 0.039 0.039 –
1.6 0.043 0.039 0.039 –
Cell #1 (A: 5%, 23%; C: 20%, 10%)
Co-ﬂow, 50% inlet RH Co-ﬂow, 100% inlet RH Counter-ﬂow, 50% inlet RH
0.4 0.062 0.042 0.045
0.8 0.057 0.042 0.045
1.2 0.057 0.042 0.046
1.6 0.064 0.043 0.050
been theoretically analyzed by Wang et al. [29,53] and Wang [30].
For dry operation, the mass transport polarization is relatively
unimportant as opposed to the ohmic loss atmoderate current den-
sities, therefore the performance of the quad-serpentine fuel cell
is slightly higher than the single-serpentine one due to the better
membrane hydration and hence ionic conductivity. At the current
density of 1.2A/cm2, the quad-serpentine fuel cell has lower water
content under the land, and hence lower cell performance. At the
highest current density of 1.6A/cm2, the single-serpentine fuel cell
has higher contents in both land and channel areas, and a better
performance of 0.43V, while the quad serpentine one is 0.08V.
The increased water content of the single-serpentine conﬁgura-
tion relative to the other conﬁguration is likely due to the water
accumulation arising from the reactant bypass ﬂow through the
GDL under lands: such bypass ﬂows occur near the U-turns and are
severe for the single-serpentine due to the fast gas ﬂow rate, and
can signiﬁcantly reduce the gas velocity in the part of the channels
away from the U-turns, as explained by Wang and Wang [54]. Note
that the waste heat production by fuel cells at this high current can
subject the cells to dry operation, thus the ohmic voltage loss can be
signiﬁcant. For the quad-serpentine, no water accumulation occurs
in such a way because the channels are in parallel and little pres-
sure difference appears between two adjacent channels, and the
consequent dry membrane and large ohmic resistance (increase in
HFR of 36% from 1.2A/cm2 to 1.6A/cm2, as shown in Table 2) lead
to almost operation failure.
Another interesting result is the opposite trends between the
two ﬂow ﬁelds in terms of the water thickness difference between
the projected land and channel areas: the water accumulation
under land is always greater than that under channel in the sin-
gle serpentine case, whereas an opposite trend is observed for the
quad serpentine. This can be explained using the same fact we
present above for channel two-phase ﬂow: the gas ﬂow rate in the
gas ﬂow channels of the quad serpentine ﬂow ﬁeld is much lower
than that of the single serpentine, yielding a weaker capability of
liquid water removal in the ﬂow channels for the quad serpentine
Fig. 7. Water areal density and performance for fuel cells with single- and quad-serpentine ﬂow ﬁelds, respectively, at 50% inlet RH (left); the corresponding colored neutron
images (right) (the PTFE loadings: anode side 5% substrate, 23% MPL; cathode side 20% substrate, 10% MPL).
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Fig. 8. Schematic of ﬂow conﬁgurations for co-ﬂow and counter-ﬂow operation (a), water areal density and performance for cell #1 with different ﬂow conﬁgurations at
50% inlet RH (b); the corresponding colored neutron images (c).
case.Note that gasﬂowchannel cancontain a largeamountof liquid
water comparingwith other components. As a result,morewater is
accumulated in the projected channel region as opposed to the
land area for the quad serpentine. As to the single serpentine, its
much faster gas ﬂows in channels yield more effective liquid water
removal andhencea lowerwater thickness in theprojectedchannel
region comparing with the land region.
3.5. Co-ﬂow vs. counter-ﬂow conﬁgurations
Fig. 8 presents the average water areal density and perfor-
mance for cell #1 running under different ﬂow conﬁgurations. In
the counter-ﬂow conﬁguration, as shown in Fig. 8(a), the inlets for
the hydrogen and air are on the opposite sides of the ﬂowpath. This
creates a larger water concentration gradient across the MEA at the
operating condition, and further promotes the water recirculation
between the cathode and anode sides, i.e. internal humidiﬁcation
as described by Büchi and Srinivasan [55]. The internal humidiﬁca-
tion results in better hydrated MEA and hence better performance
(Fig. 8(b)). In addition, more water appears on the anode side. This
is especially severe at the low ﬂow velocity of 0.4A/cm2, leading to
a large difference inwater content between the two conﬁgurations,
5.5mg/cm2 for the counter-ﬂow conﬁguration and 1.7mg/cm2 for
the other. As current density increases, the difference diminishes.
Theneutron imagesof eachof theﬂowﬁelds (Fig. 8(c)) showthat
in addition to a higher integral water content with counter-ﬂow
operation, as also shown by Kim et al. [40] there appear distinct
water distributions between the two conﬁgurations. The chart on
the right side of Fig. 10 quantizes this, showing the water distribu-
tion along the ﬂow channel path for the co-ﬂow and counter-ﬂow
operation of cell #1. For the counter ﬂow, a large water content
near the inlet for the low current density of 0.4A/cm2, compara-
ble to the water distribution at 100% inlet RH shown on the left
side of Fig. 10 (segment #1). At higher current densities, the liq-
uid water area becomes smaller for both cases, indicative of dryout
by the larger amount of waste heat generation of fuel cells. Due to
the internal humidiﬁcation, the counter ﬂow shows a much larger
liquid water region.
Fig. 9. Water density images at 50%/50% RH and 0.8 A/cm2 for cell #1 (left) and segmenting diagram for the single-serpentine ﬂow ﬁeld (right).
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Fig. 10. The water areal density proﬁles along the ﬂow channel for cell #1 at the inlet RH of 50% and 100%, respectively, and operating in co-ﬂow conﬁguration (left), and
operating at co-ﬂow and counter-ﬂow for inlet RH of 50% (right).
3.6. Water proﬁle along gas ﬂow channels
The neutron images of thewater content for cell #1 at 0.8A/cm2
are shown in Fig. 9. In order to obtain the water proﬁle along the
ﬂow channel, the mask was divided in to ﬁve regions from the inlet
to the outlet, as seen on the right side of Fig. 9, and the averaged
water contents over each of the segments, respectively, represent a
water proﬁle along the channel. The water proﬁles at different RHs
are shown on the left side of Fig. 10, while the right side presents
the water evolution along the ﬂow length for co-/counter-ﬂow
conﬁgurations. Fig. 10 shows a gradual increase in water content
at the beginning for 50% inlet RH for most cases except the highest
current until the 3rd segment, where the liquid content starts to
change rapidly. For the 100% RH case, liquid water is high near the
inlet, indicating a rapid increase in liquid content between the inlet
and segment #1. Wang [30] reported a formula to predict the onset
of two-phase ﬂow in ﬂow channels:
x¯∗ =
(
cg
2CO2g,in
)
CH2Og,sat − C
H2O
g,in
(1 + 2˛)g − 2CH2Og,sat
(
1
2M
H2 + ˛MH2O
) (7)
where c is the cathode side stoichiometric ﬂow ratio, g the gas
density, C the species concentration, M the molecular weight, ˛ the
net water transport coefﬁcient, and x¯∗ the along-channel dimen-
sionless location where liquid water ﬁrst appears. Additionally, the
liquid saturation can be calculated by:
sl =
(ull/ugg)
1/nk + sir
1 + (ull/ugg)1/nk
(8)
where ul and ug are the superﬁcial velocities of the liquid and gas
phases, respectively, and l and g the viscosities of the liquid and
gas phases, and nk the exponent in the relative permeability. The
relative permeability of the liquidwater saturation, as described by
Hilfer [56]. In fuel cells, some studies have adopted a value of 3 or
4 for nk, indicating liquid water substantially affects the gas ﬂow.
For the case of uniform current density Wang calculated with Eq.
(8) that the liquid water onset in the channel occurs around 55%
down the length of the channel for the inlet RH of 50%, and at the
beginningof the channel for the inlet RHof 100%, and channel liquid
increases its content rapidly thereafter. This is consistent with the
present experimental observation. Fig. 10 (right) plots the water
proﬁles in the counter-ﬂow conﬁguration.
In addition, for the co-ﬂow conﬁguration there is a drop in
water content from segment 1 to 2 at low current densities for
fully humidiﬁed cases. However at high current density this trend
is replaced by a gradual increase in water content. This change in
trend is not observed at all for the 50%RH cases. This difference is
possibly caused by two reasons: one is local current density distri-
bution; the other is local heating by fuel cell waste heat generation.
Note that the probed water thickness measures the contributions
from the channel space and other components such as GDLs and
MEAs. For fully humidiﬁed cases, the local current is more deter-
minedby theoxygen concentration, therefore ahigher local current
density appears upstream. As a result, the upstreamwater contents
in the MEA and GDLs can be higher than downstream. Because
water accumulates in the gas channel down the ﬂow, a trend of
a decrease in the overall water thickness followed by an increase
will be yielded, as observed in the neutron imaging result. Because
of the waste heat generation by the fuel cell, part of liquid water
upstream can be evaporated (see Refs. [26,36]). This is more severe
for higher current density where more waste heat is generated.
Thus, as the overall current density increases, the initial decrease
in the local water thickness is diminished or even reverse. For the
1.6A/cm2 case, only a gradual increase in water thickness is shown
in the ﬁgure. As to the 50%RH, the local current is also inﬂuenced
by the water content. A higher local current can appear where the
membrane is better hydrated and oxygen supply is relatively sufﬁ-
cient. Thismay lead to themonotonic increase inwater thickness as
Fig. 11. Water areal density proﬁles in the projected areas of channel and land
regions for cell #1 and #2 at 50% inlet RH and current density of 0.8A/cm2.
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observed. The effect of the local heating may shift the liquid front
further downstream, but may not change the increasing trend of
water thickness.
Fig. 11 plots the water content proﬁles in the land and chan-
nel projected areas, respectively, for cell #1 and #2. Again as more
hydrophobic media is used in the cathode for cell #2, more water
is able to transport back to the anode, leading to anode two-phase
ﬂow. Comparing with the cathode side, the anode gas ﬂow is slow
and insufﬁcient to remove water droplets at the GDL surface [57],
therefore exhibiting more liquid coverage over the GDL-channel
surface and raising the liquid saturation in diffusion media. The
ﬁgure also indicates that water content in the land area is higher
than that in the channel due to the increased transport resistance
under the land.
4. Conclusions
Though in situ neutron imaging, this study examined the effects
of several important factors on the water contents in PEM fuel
cells, including ﬂow ﬁeld design, PTFE loading in MPLs/GDLs, rel-
ative humidity, ﬂow conﬁguration, and current density. We found
that the fuel cell design, GDL/MPL material, and operating condi-
tion greatly affected the water level in fuel cells. For the 100% inlet
RH case liquid water exists in the entire fuel cell, while for the 50%
inlet RHcase liquidwater appears inpart of the fuel cell. In the cases
considered, the highest overall water content appears at the cur-
rent density of 0.4A/cm2, possibly due to the lower channel ﬂows
andwaste heat generation at this lower current.We also found that
a more hydrophobic cathode MPL or hydrophilic anode MPL may
result in a larger amount of water transporting back to the anode.
Higherwater contentswere found in thequad-serpentineﬂowﬁeld
at moderate current densities and in counter-ﬂow conﬁguration
as opposed to single-serpentine ﬂow ﬁeld and co-ﬂow operation,
respectively. The water proﬁles along channels were also provided,
indicating liquidwater rapidly increases its content after emerging,
consistent with previous theoretical analysis. More water content
was shown in the land projected area than the channel.
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